The regulation of several enzymes involved in pyrimidine biosynthesis in Neurospora crassa has been studied. Elevation of ATCase (L-aspartate carbamoyltransferase) activity is found in all pyrimidine-requiring mutants when they are starved for uridine. DHOase (dihydroorotase) is an unstable enzyme, and it is impossible to conclude what type of regulation, if any, controls this enzyme. DHOdehase (dihydroorotate dehydrogenase) activity shows a marked elevation in uridine-starved pyr-2 cultures, a mutant blocked late in the pathway. Several mutants blocked early in the pathway show much smaller increases in DHOdehase activity and possible explanations for this are discussed. Differences in the modes of regulation of the pyrimidine biosynthetic pathways in various organisms are compared.
Regulation of enzyme synthesis has been extensively studied in bacteria and higher organisms (5, 12, 22) . Among the mechanisms are substrate induction, which is usually associated with catabolic systems, and derepression of biosynthetic systems. This generalization has developed from studies with bacterial systems. The major inducible catabolic pathways studied are involved with the utilization of sugars (2) . In addition, Stanier and his co-workers analyzed several other catabolic pathways and described various combinations of substrate and product induction, induction of groups of enzymes by the first substrate for the sequence and differences in inducers for a given pathway in different organisms (3, 16) .
The enzymes involved in biosynthetic pathways in bacteria have generally been found to be derepressed by the depletion of the end products of the pathway (20, 25) . Although some derepressible systems are found in eukaryotes, three major biosynthetic induction phenomena are known. These include the pyrimidine pathways in yeast (14) and human somatic tissues (17, 18) and the leucine pathway of Neurospora (10).
Gross (10) showed that the first enzyme involved in leucine biosynthesis in Neurospora is subject to repression, but the subsequent enzymes are induced by a-isopropyl-malate, the product of the first enzyme. Similar interplay between regulatory mechanisms is observed in the pyrimidine biosynthetic pathway in yeast. In his study, Lacroute found that ATCase (carbamoylphos- (13) .
The study of the regulation of pyrimidine biosynthesis in Neurospora was undertaken to see similarities and differences between it and other systems, especially in regard to the first three enzymes. Experiments were patterned after those of Lacroute by using uridine-dependent mutants.
MATERIALS AND METHODS
Strains. Uridine-requiring mutants isolated from wild-type Neurospora crassa strain 74A and backcrossed to strain 73a wete used. The strains were: pyr-3 MN (allele DFC-3R1A), pyr-3M (DFC-8Rla), pyr-6(DFC-37R2A), pyr-l(DFC-33RlA), pyr-2-(DFC-9R2A), and the double mutant pyr-3MN, pyr-2(DFC-3, DFC-9R23A). In these strains the "R" notation indicates the reisolation number from the preceding cross. Two of the original isolates (DFC-15 and DFC43) were used without backcrossing to wild type; both are pyr-3MN mutants. Strain 74A was the wild-type control for the assays, and leu-2 (37501), from the author's collection, was used to represent a non-uridine-requiring auxotroph.
Growth and harvest. Similar concentrations of 4-to 6-day-old conidia were inoculated into 700 ml of Vogel's medium (23) in low-form shake flasks or aerated 1-liter Florence flasks at 25 C. The concentration of conidia in the final culture was initially adjusted with a Klett-Summerson colorimeter (no. 54 filter) to 2 Klett units.
Limiting (20,ug/ml) and nonlimiting (100 ug/ml) concentrations of uridine or leucine were used. Mycelial samples were taken by filtration at various times during exponential, prestationary, and stationary phases of growth and dried with reagent-grade acetone.
Method for studying regulation of uridine-requiring mutants. Activities of ATCase, DHOase, and DHOdehase were followed in several mutants to determine whether these enzymes are subject to either derepression or induction. To accomplish this, several controls were employed. The strains were all grown on a limiting source of uridine (20 jug/ml) and harvested at various times during growth. Harvesting began when the dry weight was approximately 0.3 mg/ml (about 15 hr after inoculation) and continued into the stationary phase. This provided materials from the same culture to compare activities before and after depletion of supplement. The prestationary phase is defined as the transitional period between the exponential and stationary phases. It is at this point that the nutritional supplement becomes limiting and the effects of this depletion are observed. Typical 
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per ml. Parallel cultures ire also grown on nonlimiting supplement (100 ,sg/ml) to provide samples grown for equal periods of time but without depletion of substrate.
Enzyme assays. ATCase, DHOase, and DHOdehase were extracted and assayed as described in the previous paper (4); ATCase and DHOdehase were assayed in the same extract. OTCase (carbamoylphosphate: L-ormithine carbamoyltransferase, E.C. 2.1.3.3), used as a control in some cases, was assayed according to Davis (6) .
RESULTS
Enzyme activities in wild-type and leucine-dependent strains. Strain 74A grown.on minimal medium was assayed for ATCase, DHOase, and DHOdehase. Table 1 (Fig.  2) . Under identical growth conditions, pyr-l and pyr-2 mutants both showed a threefold derepression of ATCase. A similar level of derepression was previously found with a different pyr-l strain, H263 (8) . The degree of derepression of which a given strain is capable is apparently due to factors in addition to the mere depletion of uridine. OTCase, an enzyme in the arginine biosynthetic pathway, was assayed in pyr-3M and pyr-J strains to see whether the enzyme elevations on depletion of uridine are specific to pyrimidine enzymes. The OTCase levels in both these strains were found to vary well within the wild-type range (6) when these cultures were starved for uridine.
DHOase. Several uridine-dependent mutants were studied to determine what mode of regulation, if any, prevails for the synthesis of this enzyme. None of the strains ever showed more than a twofold increase in activity on limiting uridine, and activity always dropped sharply as the growth stopped. Even when mutants were grown on nonlimiting uridine, a steady decrease of DHOase activity occurred as growth progressed. Because it was realized that even in vivo DHOase is very unstable, controls grown on nonlimiting supplement were always used, and the enzyme levels past the prestationary phase were not considered. The instability of DHOase in Neurospora, as in yeast (14) and bacteria (25) , makes the data obtained equivocal.
Pyr-1, a strain which accumulates US and DHO (4), consistently showed a twofold elevation of DHOase in the prestationary phase when grown on limiting uridine but not on nonlimiting uridine (Fig. 3) . A pyr-2 mutant, which like the pyr-J strain is blocked after the formation of US and Repeated experiments showed an increase during the prestationary phase in some cases and none in others. Two such contradictory curves with a pyr-3M mutant are shown in Fig. 3 . As described above, the ku-2 strain also showed an increase in DHOase in one experiment. It is possible, therefore, that part or all of the increase in DHOase is a nonspecific phenomenon.
DHOdehase. DHOdehase is relatively stable, and its activity was constant well into the stationary phase of starved cultures. Wild-type and leu-2 strains showed similar levels of DHOdehase. Leucine starvation does not affect DHOdehase activity in the leucine auxotroph, although there is some variation.
The only auxotroph tested which showed a marked elevation of DHOdehase is the pyr-2 mutant. This strain, which is deficient in OMPPase, showed a 4.6-fold rise in DHOdehase on limiting uridine. On nonlimiting uridine, the dehydrogenase level changed only slightly during the course of growth (Fig. 4) showed some increase in starved cultures, but both the rate and amount of increase were much less than in the pyr-2 strain, and the level of activity remained in the same range as in the pyr-2 strain on nonlimiting uridine. In this case very young cultures showed the lowest enzyme level, but there was no great increase (Fig. 5) (Fig. 5) .
If DHOdehase is inducible, a pyr-6 mutant could show whether US, the only accumulated intermediate, is the inducer, as opposed to DHO or OA, present in addition to US in pyr-2 strains. The pyr-6 isolate, DFC-37, is a leaky mutant and has a biphasic growth curve, although at no time can DHOase be detected (4). When DHOdehase is assayed (Fig. 6 ) the activity is found to be considerably lower than the activity in a starved pyr-2 mutant, though higher than in a pyr-3MN strain (Fig. 5) . (pyr-3M) is slightly leaky, attaining somewhat greater dry weight on limiting uridine than the other pyrimidine auxotrophs (Fig. la) and showing some growth in stationary culture after several days. Unlike the nonleaky pyr-3MN strains upon starvation, this pyr-3M strain unexpectedly shows a clear pattern of DHOdehase elevation similar in rate and magnitude to pyr-6 (DFC-37) (Fig. 6 ). Further evidence is needed to define the regulatory response of DHOase in Neurospora. It is important to realize that the enzyme is unstable, and, to obtain reliable specific activities, means of stabilizing the enzyme in late cultures and in crude extracts are necessary. The only positive indication that this enzyme is induced is the consistent elevation of DHOase in the mutants which accumulate US and the less consistent elevations observed with the pyr-3 mutants. The similarity in DHOase activity between the pyr-3 mutants and the leu-2 strain suggests that the rise in DHOase is not a specific reaction to uridine depletion; therefore, derepression seems not to be involved. In this respect DHOase differs from DHOdehase. From the present data it is impossible to conclude whether DHOase is induced, derepressed, or unresponsive to pyrimidine metabolism.
DISCUSSION
Since DHOase is unstable even in vivo, it is possible that the rate of its degradation may play some role in the regulation of the pathway, perhaps in limiting the amount of uridine available for RNA and, hence, protein synthesis. The importance of differential enzyme degradation as well as differential enzyme synthesis in mammals has been discussed by Schimke (19) .
A comparison of the pyrimidine pathways of Neurospora and that of other organisms studied shows it to have a different overall pattern of regulation for the first three enzymes. In E. coli, ATCase, DHOase, and DHOdehase are all derepressed by end product depletion (1) . In yeast, the first enzyme is derepressed and the second and third are substrate-induced (14) . In mammalian cells, ATCase appears to be derepressed (9) , but the second and third enzymes in human somatic cells are unresponsive to end product depletion or precursor accumulation (17, 24) . On the other hand, the final enzymes of the pathway (OMPPase and OMPdecase) are evidently substrate-induced in human somatic cells, as they are in yeast (18) . In Neurospora, ATCase is derepressed by end product depletion, DHOase shows no clear regulatory behavior, and DHOdehase is substrate-induced. The variety of regulatory patterns in the eukaryotes is striking, but the induction of enzymes after ATCase, when it occurs, may all have originated with a pattern of sequential induction, first proposed by Stanier for catabolic pathways in bacteria (21) .
